Abstract: A high-power reversible converter can achieve a variety of functions, such as recovering regenerative braking energy, expanding traction power capacity, and improving an alternating current (AC) grid power factor. A new hybrid traction power supply scheme, which consists of a high-power reversible converter and two 12-pulse diode rectifiers, is proposed. A droop control method based on load current feed-forward is adopted to realize the load distribution between the reversible converter and the existing 12-pulse diode rectifiers. The direct current (DC) short-circuit characteristics of the reversible converter is studied, then the relationship between the peak fault current and the circuit parameters is obtained from theoretical calculations and validated by computer simulation. The first two sets of 2 MW reversible converters have been successfully applied in Beijing Metro Line 10, the proposed hybrid application scheme and coordinated control strategy are verified, and 11.15% of average energy-savings is reached.
Introduction
At present, diode rectifiers are still widely used in urban rail transit traction power supply systems to provide energy for the trains [1] . Since the energy can only be transmitted from alternating current (AC) to direct current (DC), the braking resistor must be employed to consume the surplus regenerative braking energy of the trains in order to avoid the abnormal rise of the DC voltage. This scheme will cause a very large waste of energy, increasing the tunnel temperature and the burden of the cooling system.
Energy storage based on electric double-layer capacitors (EDLC) and flywheels are widely used in the transportation field [2] [3] [4] . EDLC has good performance in terms of power density, charge and discharge time, long lifetime cycles, and lower internal resistance, so it can be used for storing regenerative braking energy of electric vehicles [5] [6] [7] [8] [9] [10] . However, in the field of urban rail transit, the maximum regenerative braking power is usually up to several megawatts, so thousands of EDLCs would be needed, which requires a large installation space and cost [11] . Flywheels were firstly installed in Japan in 1988 for storing regenerative energy [12] . The rated energy and power of the flywheels are 25 kWh and 2000 kW, respectively. After that, flywheels were verified in tests at the London underground and Spain railways. However, all of them are just prototypes. Complex mechanisms and high costs limit their wide utilization. Flywheel systems for energy saving may be an important research direction in the future [13] [14] [15] .
It is a good energy-saving method to invert the regenerative braking energy to the AC grid, which has been already applied in several subway lines [16] [17] [18] [19] [20] [21] . However, it requires additional installation
Proposed Hybrid Traction Power Supply Scheme
At present, the traction power supply equipment installed in the traction substation is a typical 24-pulse rectifier, which is made up of two 12-pulse rectifiers. In this way, AC grid current harmonics and DC voltage ripple can be reduced, and the system redundancy can be increased.
For diode rectifiers, DC output voltage is uncontrollable, and the energy can only be transmitted from AC to DC. In order to reuse the braking energy and reduce the DC voltage fluctuation, a high-power reversible converter is introduced into the traction power supply system. Figure 1 shows the proposed hybrid traction power supply scheme. In Figure 1a , an additional reversible converter branch is added, but in Figure 1b , a 12-pulse rectifier is replaced by a high-power reversible converter. It is obvious that no additional installation space is required in Figure 1b No matter what kind of scheme, the reversible converter has a four-quadrant operation capability. When the train is in the traction state, the reversible converter can provide energy for the train, and reduce the DC voltage drop. When the train is in the braking state, the reversible converter can invert the braking energy back to the AC grid, and save energy. The overvoltage caused by regenerative braking can be suppressed effectively.
Since the diode rectifier and reversible converter will work in parallel, their work characteristic must be studied, respectively, and then a coordinated control strategy should be adopted. 
Coordinated Control Strategy

Direct Current (DC) Output Characteristics of the 12-Pulse Rectifier
A 12-pulse rectifier can be equivalent to an ideal DC voltage source Uk in series with an internal resistance Req and a diode D, as shown in Figure 2 .
The DC output characteristic curve of a 12-pulse rectifier is shown in Figure 3 . The critical current (or transition current) Idg is bounded. The curve is divided into two curves: ① is the curve that two 6-pulse rectifiers work in a push-pull mode; ② is the curve that two six-pulse rectifiers work in parallel. Udoo denotes the no-load voltage of a 6-pulse rectifier, Udio denotes the ideal no-load DC voltage of a 12-pulse rectifier, UdN denotes the rated output voltage of a 12-pulse rectifier, IdN denotes the rated output voltage of a 12-pulse rectifier. 
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Direct Current (DC) Output Characteristics of the 12-Pulse Rectifier
The DC output characteristic curve of a 12-pulse rectifier is shown in Figure 3 . The critical current (or transition current) Idg is bounded. The curve is divided into two curves: ① is the curve that two 6-pulse rectifiers work in a push-pull mode; ② is the curve that two six-pulse rectifiers work in parallel. Udoo denotes the no-load voltage of a 6-pulse rectifier, Udio denotes the ideal no-load DC voltage of a 12-pulse rectifier, UdN denotes the rated output voltage of a 12-pulse rectifier, IdN denotes the rated output voltage of a 12-pulse rectifier. The DC output characteristic curve of a 12-pulse rectifier is shown in Figure 3 . The critical current (or transition current) I dg is bounded. The curve is divided into two curves: 1 is the curve that two 6-pulse rectifiers work in a push-pull mode; 2 is the curve that two six-pulse rectifiers work in parallel. U doo denotes the no-load voltage of a 6-pulse rectifier, U dio denotes the ideal no-load DC voltage of a 12-pulse rectifier, U dN denotes the rated output voltage of a 12-pulse rectifier, I dN denotes the rated output voltage of a 12-pulse rectifier. 
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Direct Current (DC) Output Characteristics of the 12-Pulse Rectifier
The DC output characteristic curve of a 12-pulse rectifier is shown in Figure 3 . The critical current (or transition current) Idg is bounded. The curve is divided into two curves: ① is the curve that two 6-pulse rectifiers work in a push-pull mode; ② is the curve that two six-pulse rectifiers work in parallel. Udoo denotes the no-load voltage of a 6-pulse rectifier, Udio denotes the ideal no-load DC voltage of a 12-pulse rectifier, UdN denotes the rated output voltage of a 12-pulse rectifier, IdN denotes the rated output voltage of a 12-pulse rectifier. The DC voltage and current show typical 12-pulse characteristics. However, at every moment there is actually a single three-phase bridge rectifier at work. Its no-load voltage is
where U 2L is the voltage effective value at the secondary side of the transformer. Thus, the mathematical model of the output curve 1 can be described as
The equivalent resistance for curve 1 is as follows:
Curve 2
When the DC load current is larger than the critical current I dg , the output curve is shown as 2 . The two six-pulse rectifiers work completely in parallel. The load is shared equally by them. The voltage U dio , which is the cross point of curve 2 extended to vertical axis, is called the ideal no-load DC voltage. The voltage of U dio is equal to 1.35U 2L .
Since the two six-pulse rectifiers work in parallel at the same time, the equivalent resistance for curve 2 will be reduced to half of the curve 1 , as follows:
The mathematical description of the curve 2 is
DC Output Characteristic of the Reversible Converter
Typical DC output voltage characteristic of the reversible converter is constant. However, due to the demand of operating in parallel with the 12-pulse diode rectifier, it should have similar voltage droop characteristics.
That means DC output voltage will drop with the increase of DC current, as follows:
where U k is the no-load output voltage for reversible converter. R dp is the equivalent resistance. A voltage droop control method based on output current feed-forward is presented in this paper, as shown in Figure 4 . It includes three parts, which are called droop control, DC voltage control, and dq current control, respectively. Droop control is employed to calculate the target voltage U dc *, which decreases with the increase of the DC, complying with the law of Equation (5). The LIM1 will limit the value of the target DC voltage within the allowable range. DC voltage control adopts a classic proportional integral (PI) regulator without static error, so the influence of system parameter variation and external disturbance for the DC voltage can be eliminated, and the actual DC voltage can follow the target well. The output of the DC voltage control loop is the active current given value i d *, which will be limited by LIM2, in order to avoid the overload of the reversible converter. The dq current control is based on rotating synchronous coordinates d-q. Thanks to the coordinate transformation, i d and i q are DC components, and the PI compensator can reduce the error of the fundamental component to zero. With the proposed control method above, the linearity of the output curve can be guaranteed and strong system stability can be obtained. reduce the error of the fundamental component to zero. With the proposed control method above, the linearity of the output curve can be guaranteed and strong system stability can be obtained. Figure 5a shows the ideal scheme for output curves of the reversible converter and the 12-pulse diode rectifier. Udo is the ideal no-load DC voltage of both the 12-pulse diode rectifier and the reversible converter. ULIM is the DC voltage target value when the reversible converter works in the inverting state. A and B are the power limit points. With the increase of the train traction power, the DC voltage will drop fast. Above the voltage UB, the output curves are completely the same, and they share the traction load equally. However, because the value of Rdp will change with the output current, it will increase the difficulty of software implementation. Figure 5b shows a simplified scheme in which the value of Rdp is fixed. Figure 6 shows the DC short-circuit fault of the reversible converter. R and L are the equivalent resistance and inductance of the DC line, and the value of R and L varies according to the position of the short-circuit point from the converter DC output. C is the DC capacitor of the converter. Lr is the AC filter inductance. Rc is the equivalent series resistance of the DC capacitor C. It can be seen that it is a complex nonlinear circuit when a DC short-circuit fault occurs. The whole period can be divided into the following three stages [29] . Figure 5a shows the ideal scheme for output curves of the reversible converter and the 12-pulse diode rectifier. U do is the ideal no-load DC voltage of both the 12-pulse diode rectifier and the reversible converter. U LIM is the DC voltage target value when the reversible converter works in the inverting state. A and B are the power limit points. With the increase of the train traction power, the DC voltage will drop fast. Above the voltage U B , the output curves are completely the same, and they share the traction load equally. However, because the value of R dp will change with the output current, it will increase the difficulty of software implementation. Figure 5b shows a simplified scheme in which the value of R dp is fixed. reduce the error of the fundamental component to zero. With the proposed control method above, the linearity of the output curve can be guaranteed and strong system stability can be obtained. Figure 5a shows the ideal scheme for output curves of the reversible converter and the 12-pulse diode rectifier. Udo is the ideal no-load DC voltage of both the 12-pulse diode rectifier and the reversible converter. ULIM is the DC voltage target value when the reversible converter works in the inverting state. A and B are the power limit points. With the increase of the train traction power, the DC voltage will drop fast. Above the voltage UB, the output curves are completely the same, and they share the traction load equally. However, because the value of Rdp will change with the output current, it will increase the difficulty of software implementation. Figure 5b shows a simplified scheme in which the value of Rdp is fixed. Figure 6 shows the DC short-circuit fault of the reversible converter. R and L are the equivalent resistance and inductance of the DC line, and the value of R and L varies according to the position of the short-circuit point from the converter DC output. C is the DC capacitor of the converter. Lr is the AC filter inductance. Rc is the equivalent series resistance of the DC capacitor C. It can be seen that it is a complex nonlinear circuit when a DC short-circuit fault occurs. The whole period can be divided into the following three stages [29] . Figure 6 shows the DC short-circuit fault of the reversible converter. R and L are the equivalent resistance and inductance of the DC line, and the value of R and L varies according to the position of the short-circuit point from the converter DC output. C is the DC capacitor of the converter. L r is the AC filter inductance. R c is the equivalent series resistance of the DC capacitor C. It can be seen that it is Appl. Sci. 2017, 7, 282 6 of 19 a complex nonlinear circuit when a DC short-circuit fault occurs. The whole period can be divided into the following three stages [29] . 
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Stage of Resistance-Inductance-Capacitor (RLC) Second-Order Response
In this stage, the DC short-circuit fault occurs instantly, the capacitor C discharges quickly, and the DC voltage drops quickly from the initial value to zero. The DC fault current correspondingly rises rapidly. During this period, (R + Rc), L and C constitute an Resistance-Inductance-Capacitor (RLC) series second-order circuit. The C and L have initial values when the DC short-circuit fault occurs. Due to the presence of the AC inductor Lr, the three-phase AC current cannot be mutated, but flows through the six anti-parallel diodes, so there is an external excitation current to the second-order RLC circuit. As shown in Figure 7 , this stage can be seen as a full response (including zero-input response and zero-state response) process of the RLC series circuit.
Zero input response process: Regardless of the influence of the AC system (without considering the is), it is the zero-input response process of the RLC second-order circuit. From Kirchhoff Voltage Laws (KVL):
According to the relationship of (R + Rc) and 2 / L C , Equation (6) may have different solutions, considering R and Rc are small, this paper only analyses Assume that the short circuit fault occurs at moment t0, the initial condition is vc(t0) = V0, iL(t0) = I0. The circuit is in the oscillation discharge process and, from Equation (6), the zero-input response components of the DC side voltage and current after fault are as follows: Figure 6 . DC short-circuit fault of the reversible converter.
In this stage, the DC short-circuit fault occurs instantly, the capacitor C discharges quickly, and the DC voltage drops quickly from the initial value to zero. The DC fault current correspondingly rises rapidly. During this period, (R + R c ), L and C constitute an Resistance-Inductance-Capacitor (RLC) series second-order circuit. The C and L have initial values when the DC short-circuit fault occurs. Due to the presence of the AC inductor L r , the three-phase AC current cannot be mutated, but flows through the six anti-parallel diodes, so there is an external excitation current to the second-order RLC circuit. As shown in Figure 7 , this stage can be seen as a full response (including zero-input response and zero-state response) process of the RLC series circuit. 
According to the relationship of (R + Rc) and 2 / L C , Equation (6) may have different solutions, considering R and Rc are small, this paper only analyses Assume that the short circuit fault occurs at moment t0, the initial condition is vc(t0) = V0, iL(t0) = I0. The circuit is in the oscillation discharge process and, from Equation (6), the zero-input response components of the DC side voltage and current after fault are as follows:
Resistance-Inductance-Capacitor (RLC) second-order circuit response equivalent circuit.
Zero input response process: Regardless of the influence of the AC system (without considering the i s ), it is the zero-input response process of the RLC second-order circuit. From Kirchhoff Voltage Laws (KVL):
According to the relationship of (R + R c ) and 2 √ L/C, Equation (6) may have different solutions, considering R and R c are small, this paper only analyses (R + R c ) < 2 √ L/C. Assume that the short circuit fault occurs at moment t 0 , the initial condition is v c (t 0 ) = V 0 , i L (t 0 ) = I 0 . The circuit is in the oscillation discharge process and, from Equation (6), the zero-input response components of the DC side voltage and current after fault are as follows:
From Equation (7), when C discharges to zero, that is, v c = 0, the instant time is
Substituting Equation (9) into Equation (8):
Generally, when a metal short-circuit fault occurs in the DC line, ((R + R c )/2L) 2 is far smaller than 1/LC, It can be assumed that ω = ω 0 , that is, the zero-input response component of the DC inductor current can be reduced to
Making θ = arctan(
Zero state response process: As shown in Figure 7 , assume that there is no initial value on C and L. The current supplied to the DC side by the AC system is regarded as a constant value i s . At this moment, it can be considered that the RLC second-order circuit is in the process of zero-state response, and from Kirchhoff Current Laws (KCL),
Equation (13) can be solved the same way as calculating the zero-state response. The zero-state response of the DC inductor current can be obtained as
where the δ, ω, β is the same as in Equation (8). The DC inductor current in this stage is the sum of the zero-input response component and the zero-state response component from Equations (12) and (14), that is
From Equations (12), (14) and (15), it can be seen that the DC inductor current i L is composed of two parts in this stage. Since the zero-input response component is of a large proportion, when the zero-input response component reaches its peak value, the total DC inductor current also reaches the peak value, and the following conclusions can be obtained: When a DC short-circuit fault occurs, the larger the initial DC voltage V 0 of C and the initial current I 0 of L are, the higher the peak value of the DC inductor will be. When the initial values of DC voltage and DC inductor current are constant, the peak current of the DC inductor will increase with the increase of DC capacity C, but decrease with the decrease of DC line inductance L. This is because, under a certain DC voltage, the larger the capacitance value is, the more electric field energy can be released by the capacitor C after the short-circuit fault, and the more electromagnetic energy stored in the inductor, the larger the DC inductor current peak value can reach. The smaller the inductance value is, the greater the current required to store the same energy, and the larger the current is, the greater the total inductor current peak value will be.
Stage of Resistance-Inductance-Diode (RLD) First-Order Response
This stage begins with the capacitor DC voltage falling to zero, and continues until the capacitor is recharged. When v c > 0, the capacitor discharges and the current flows through the line impedance. With the capacitor discharge, DC voltage v c will decrease. When v c drops to zero, that is moment t 1 , the inductor begins to discharge, and the fault current will flow through the anti-parallel diodes of the three-phase bridge, assuming that the initial condition is i L (t 1 ) = I 0 . The equivalent circuit is shown in Figure 8 , the R on is the total equivalent internal resistance of the six anti-parallel diodes, and V f is the their total turn-on voltage drop. Appl 
capacitance value is, the more electric field energy can be released by the capacitor C after the short-circuit fault, and the more electromagnetic energy stored in the inductor, the larger the DC inductor current peak value can reach. The smaller the inductance value is, the greater the current required to store the same energy, and the larger the current is, the greater the total inductor current peak value will be.
This stage begins with the capacitor DC voltage falling to zero, and continues until the capacitor is recharged. When vc > 0, the capacitor discharges and the current flows through the line impedance. With the capacitor discharge, DC voltage vc will decrease. When vc drops to zero, that is moment t1, the inductor begins to discharge, and the fault current will flow through the anti-parallel diodes of the three-phase bridge, assuming that the initial condition is iL(t1) = I0′. The equivalent circuit is shown in Figure 8 , the Ron is the total equivalent internal resistance of the six anti-parallel diodes, and Vf is the their total turn-on voltage drop. At this moment, the circuit becomes a first-order circuit and the DC inductor current decreases with the exponential law as follows:
This process is the most dangerous time for the diodes, because there is a large inductor discharge current suddenly flowing through the diodes in this period, and the diodes can be damaged instantly because of the large initial current. Therefore, the diode over-current capability should be considered in the selection of switching devices.
The time that capacitor C discharges to zero, and the value of the short-circuit current at that time, can be simplified as 
From Equation (17) , the time of capacitor C discharging to zero, that is, the maximum over-current time of the diode, is related to the value of L and C, as well as V0 and I0. The relationships among capacitance discharge time, inductance value, and capacitance value are shown in Figure 9 when V0 = 750 V, and I0 = 1300 A. It can be seen that the capacitor discharge time will increase with the increase of the total inductance value and capacitance value.
It can be seen from Equation (18) that the inductor peak current is related to the value of L and C, as well as V0, I0 and Is at the fault instant. The relationships among the inductor peak current, At this moment, the circuit becomes a first-order circuit and the DC inductor current decreases with the exponential law as follows:
The time that capacitor C discharges to zero, and the value of the short-circuit current at that time, can be simplified as
where γ = arctan
2L . From Equation (17) , the time of capacitor C discharging to zero, that is, the maximum over-current time of the diode, is related to the value of L and C, as well as V 0 and I 0 . The relationships among capacitance discharge time, inductance value, and capacitance value are shown in Figure 9 when V 0 = 750 V, and I 0 = 1300 A. It can be seen that the capacitor discharge time will increase with the increase of the total inductance value and capacitance value.
inductance value, and capacitance value are shown in Figure 10 , when V0 = 750 V, I0 = 1300 A, and Is = 1800 A. It can be seen that the inductor peak current increases with the increase of the capacitance value, and decreases with the increase of the total inductance, which is in accordance with the analysis conclusions in Section 4.1.
DC Capacitor C(mF) Equivalent inductor L(mH)
Capacitor discharge time t1（ms） The discharge time of the DC capacitor and the inductor peak current are analyzed by the RLC second-order discharge circuit. It can be seen from Equation (16) that the peak current begins to discharge as the initial current in the RLD first-order response. The AC system provides current for the DC side through the diode in the actual first-order discharge process, so the actual DC inductor current should be the sum of the inductor discharge current and AC system supply current. As the DC inductor current decays and the AC grid current increases, the capacitor starts charging again and the DC voltage increases at the same time.
Stage of the Uncontrolled Rectification
When a short-circuit fault occurs, the reversible converter cannot be immediately separated from the AC and DC network by breakers. As a result, the anti-parallel diodes will form a three-phase bridge rectifier circuit, and the AC system will continue to deliver power to the DC side until the breakers open, as shown in Figure 11 . It can be seen from Equation (18) that the inductor peak current is related to the value of L and C, as well as V 0 , I 0 and I s at the fault instant. The relationships among the inductor peak current, inductance value, and capacitance value are shown in Figure 10 , when V 0 = 750 V, I 0 = 1300 A, and I s = 1800 A. It can be seen that the inductor peak current increases with the increase of the capacitance value, and decreases with the increase of the total inductance, which is in accordance with the analysis conclusions in Section 4.1. inductance value, and capacitance value are shown in Figure 10 , when V0 = 750 V, I0 = 1300 A, and Is = 1800 A. It can be seen that the inductor peak current increases with the increase of the capacitance value, and decreases with the increase of the total inductance, which is in accordance with the analysis conclusions in Section 4.1.
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Stage of the Uncontrolled Rectification
When a short-circuit fault occurs, the reversible converter cannot be immediately separated from the AC and DC network by breakers. As a result, the anti-parallel diodes will form a three-phase bridge rectifier circuit, and the AC system will continue to deliver power to the DC side until the breakers open, as shown in Figure 11 . The discharge time of the DC capacitor and the inductor peak current are analyzed by the RLC second-order discharge circuit. It can be seen from Equation (16) that the peak current begins to discharge as the initial current in the RLD first-order response. The AC system provides current for the DC side through the diode in the actual first-order discharge process, so the actual DC inductor current should be the sum of the inductor discharge current and AC system supply current. As the DC inductor current decays and the AC grid current increases, the capacitor starts charging again and the DC voltage increases at the same time.
When a short-circuit fault occurs, the reversible converter cannot be immediately separated from the AC and DC network by breakers. As a result, the anti-parallel diodes will form a three-phase bridge rectifier circuit, and the AC system will continue to deliver power to the DC side until the breakers open, as shown in Figure 11 . The system is equivalent to a three-phase uncontrolled rectifier working in the DC-side short-circuit state. The short-circuit current can be calculated by the transient analysis method. Assume that the phase current before short-circuit occurs is as follows:
where
is the current amplitude, ω is the synchronous angular frequency, α is the phase angle, and |0| ϕ is the impedance angle.
Three-phase short-circuit current can be obtained:
sin ( 120 ) sin ( 120 ) sin ( 120 ) sin ( 
where Im is the short-circuit current period component amplitude, ϕ is the impedance angle of the circuit loop, Lr is the AC inductance, and τ is the time constant of circuit loop.
where Vn is the root-mean-square voltage of the transformer secondary. From Equation (21), when the AC inductance Lr is constant, the short-circuit current period component amplitude Im is related to the line equivalent resistance R. The farther the location of the short-circuit point is from the reversible converter, the smaller the short-circuit current period component Im will be.
Three-phase uncontrolled rectifier transfers the short-circuit current, whose value is greater than zero, to the DC side. Thus, the short-circuit current on the DC side is as follows:
Simulation and Experiment
DC Short-Circuit Fault Simulation
A simulation model was built according to the reversible converter circuit topology in Figure 6 , and the specific parameters are shown in Table 1 . The system is equivalent to a three-phase uncontrolled rectifier working in the DC-side short-circuit state. The short-circuit current can be calculated by the transient analysis method. Assume that the phase current before short-circuit occurs is as follows:
where I m|0| is the current amplitude, ω is the synchronous angular frequency, α is the phase angle, and ϕ |0| is the impedance angle. Three-phase short-circuit current can be obtained:
where I m is the short-circuit current period component amplitude, ϕ is the impedance angle of the circuit loop, L r is the AC inductance, and τ is the time constant of circuit loop.
where V n is the root-mean-square voltage of the transformer secondary. From Equation (21), when the AC inductance L r is constant, the short-circuit current period component amplitude I m is related to the line equivalent resistance R. The farther the location of the short-circuit point is from the reversible converter, the smaller the short-circuit current period component I m will be.
Simulation and Experiment
DC Short-Circuit Fault Simulation
A simulation model was built according to the reversible converter circuit topology in Figure 6 , and the specific parameters are shown in Table 1 . Table 1 . Converter parameters for the simulation. AC: alternating current; DC: direct current.
Items
Values
Due to the fact that the location of the short-circuit point is unpredictable, the simulation study is carried out in two situations, which are called proximal short-circuit (PSC) and remote short-circuit (RSC). Suppose the resistance of the overhead contact line is r 1 = 0.028 Ω/km, the inductance of that is l 1 = 2.6629 mH/km, the resistance of the rail is r 2 = 0.023 Ω/km, the inductance of the rail is l 1 = 1.78 mH/km. Thus, the equivalent line resistance is r = r 1 + r 2 = 0.051 Ω/km, and the equivalent line inductance is l = l 1 + l 1 = 4.4429 mH/km.
Related parameters and calculated results of PSC are shown in Table 2 . Table 2 . Related parameters and calculated results for proximal short-circuit (PSC).
Items Values
Short-circuit distance 
Due to the fact that the location of the short-circuit point is unpredictable, the simulation study is carried out in two situations, which are called proximal short-circuit (PSC) and remote short-circuit (RSC). Suppose the resistance of the overhead contact line is r1 = 0.028 Ω/km, the inductance of that is l1 = 2.6629 mH/km, the resistance of the rail is r2 = 0.023 Ω/km, the inductance of the rail is l1 = 1.78 mH/km. Thus, the equivalent line resistance is r = r1 + r2 = 0.051 Ω/km, and the equivalent line inductance is l = l1 + l1 = 4.4429 mH/km.
Related parameters and calculated results of PSC are shown in Table 2 . Table 2 . Related parameters and calculated results for proximal short-circuit (PSC). Related parameters and calculated results for RSC are shown in Table 3 . Table 3 . Related parameters and calculated results for RSC. Related parameters and calculated results for RSC are shown in Table 3 . Figure 13 . Three-phase AC current for PSC.
Related parameters and calculated results for RSC are shown in Table 3 . Related parameters and calculated results for RSC are shown in Table 3 . The simulation results and the theoretical calculation results are compared in Table 4 . From the comparisons in Table 4 , some conclusions can be obtained. When the RSC occurs, the simulation results basically agree with the theoretical calculation results. However, when the RSC occurs, there are greater differences between simulation results and theoretical results. The reason is that the discharge current of the DC capacitor in RSC is smaller than the current that is provided by the AC system, so when the capacitor discharge is finished, the DC inductor current has not reached its peak value, but continues to increase slowly to the steady state short current.
It is known from the above comparison that the peak short-circuit current in PSC is larger, and the rise is also faster, so it will do greater harm to semiconductor devices. In order to protect the reversible converter effectively, the PSC should be seriously considered.
Coordinated Control Experiments
Two sets of high-power reversible converters have been successfully applied in the SHILIHE and XIDIAOYUTAI traction substations of Beijing Metro Line 10 (Beijing, China) as a demonstration example. The parameters of the reversible converters are shown in Table 5 . The system main circuit of the traction substation is shown in Figure 16 . U ac indicates the voltage of the AC 10 kV grid, i ac1 indicates the AC current of the reversible converter, i ac2 and i ac3 indicate the AC current of each 12-pulse rectifier, respectively, i dc1 indicates the DC current of the reversible converter, i dc2 and i dc3 indicate the DC current of each 12-pulse rectifier, respectively, and U dc indicates the DC bus voltage. The reversible converter has the same DC output characteristic as shown in Figure 5b . Figure 17 shows the voltage and current waveforms on the 10 kV side when the reversible converter and two 12-pulse rectifiers are working in parallel. As shown in Figure 17a , when the train is speeding up, the reversible converter and two 12-pulse rectifiers all work in the rectifying state: they share the train power. As shown in Figure 17b , when the train is slowing down, the reversible converter works in the inverting state, and the two 12-pulse rectifiers are blocked because of the high DC bus voltage. It is obvious that the AC current waveforms of the reversible converter are higher qualified than that of the 12-pulse rectifiers. Figure 18 shows the DC voltage and current waveform when the reversible converter and a 12-pulse rectifier are working in parallel. The meanings of the symbols are shown in Figure 16 .
As seen in Figure 18 , along with the increase of traction power of the train, the DC bus voltage decreases significantly, but the DC current of the reversible converter and 12-pulse rectifier unit increase immediately. However, it is obvious that the current increase rate of the reversible converter is greater than that of the 12-pulse rectifier unit. The trends basically agree with the DC output curves shown in Figure 5b . When the train work state is changed to braking from traction, the current of both 12-pulse rectifiers reduce to zero, but the DC current of the reversible converter changes from positive to negative, which means that the regenerative braking energy of the train has been fed back to the AC 10 kV grid through the reversible converter. Figure 18 shows the DC voltage and current waveform when the reversible converter and a 12-pulse rectifier are working in parallel. The meanings of the symbols are shown in Figure 16 .
As seen in Figure 18 , along with the increase of traction power of the train, the DC bus voltage decreases significantly, but the DC current of the reversible converter and 12-pulse rectifier unit increase immediately. However, it is obvious that the current increase rate of the reversible converter is greater than that of the 12-pulse rectifier unit. The trends basically agree with the DC output curves shown in Figure 5b . When the train work state is changed to braking from traction, the current of both 12-pulse rectifiers reduce to zero, but the DC current of the reversible converter changes from positive to negative, which means that the regenerative braking energy of the train has been fed back to the AC 10 kV grid through the reversible converter. As seen in Figure 18 , along with the increase of traction power of the train, the DC bus voltage decreases significantly, but the DC current of the reversible converter and 12-pulse rectifier unit increase immediately. However, it is obvious that the current increase rate of the reversible converter is greater than that of the 12-pulse rectifier unit. The trends basically agree with the DC output curves shown in Figure 5b . When the train work state is changed to braking from traction, the current of both 12-pulse rectifiers reduce to zero, but the DC current of the reversible converter changes from positive to negative, which means that the regenerative braking energy of the train has been fed back to the AC 10 kV grid through the reversible converter.
Traction and braking energy statistics of one substation are shown in Table 6 . A and B denote traction energy provided by each 12-pulse rectifier, respectively, C denotes the traction energy provided by the reversible converter, and D denotes the braking energy recovered by the reversible converter. Figure 19 shows the histogram of the traction energy provided by the reversible converter and each 12-pulse rectifier for clarity. The reversible converter has provided nearly one third of the total traction power (the average proportion is 36.5%). However, it will be found that the traction power provided by the reversible converter is slightly more than that of each 12-pulse rectifier. The reason for this is that the DC output curve of the reversible converter is above that of the 12-pulse rectifier in the light load region, as shown in Figure 5b . Traction and braking energy statistics of one substation are shown in Table 6 . A and B denote traction energy provided by each 12-pulse rectifier, respectively, C denotes the traction energy provided by the reversible converter, and D denotes the braking energy recovered by the reversible converter. Figure 19 shows the histogram of the traction energy provided by the reversible converter and each 12-pulse rectifier for clarity. The reversible converter has provided nearly one third of the total traction power (the average proportion is 36.5%). However, it will be found that the traction power provided by the reversible converter is slightly more than that of each 12-pulse rectifier. The reason for this is that the DC output curve of the reversible converter is above that of the 12-pulse rectifier in the light load region, as shown in Figure 5b . In order to evaluate the energy-saving effect of the reversible converter used in the traction power supply system more clearly and intuitively, the average energy-saving percentage over a long period is defined as η: In order to evaluate the energy-saving effect of the reversible converter used in the traction power supply system more clearly and intuitively, the average energy-saving percentage over a long period is defined as η:
where E inv_i denotes the inverting energy of the reversible converter every day, and E inv_i denotes the total rectifying energy of the reversible converter and 12-pulse rectifiers every day. In Table 6 , regenerated energy and total traction energy change every day, but according to Equation (23) , the average energy-saving percentage η (from 18 June 2016 to 30 June 2016) is calculated as high as 11.15%.
Conclusions
In this paper, the high-power reversible converter, which can not only be used to recuperate regenerative braking energy, but also provide traction energy, is applied to construct a new hybrid traction power supply system for urban rail transit. A droop control method based on load current feed-forward is proposed to realize the load distribution between the reversible converter and the existing 12-pulse diode rectifiers. It is successfully verified by the field test carried out on Beijing Metro Line 10. The DC short-circuit characteristics of the reversible converter is studied, and then the relationship between the peak fault current and the circuit parameters are derived. Theoretical calculation and computer simulation shows that the peak fault current in RSC is larger, and the time to reach the peak value is also shorter. Thus, it will do greater harm to the reversible converter. The field test data indicates that the average value of energy-savings percentage for one substation is as high as 11.15%.
